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We report on the detection of free nanoparticles in a micromachined, open-access Fabry-Pe´rot
microcavity. With a mirror separation of 130µm, a radius of curvature of 1.3 mm, and a beam
waist of 12µm, the mode volume of our symmetric infrared cavity is smaller than 15 pL. The small
beam waist, together with a finesse exceeding 34,000, enables the detection of nano-scale dielectric
particles in high vacuum. This device allows monitoring of the motion of individual 150 nm radius
silica nanospheres in real time. We observe strong coupling between the particles and the cavity
field, a precondition for optomechanical control. We discuss the prospects for optical cooling and
detection of dielectric particles smaller than 10 nm in radius and 1× 107 amu in mass.
Optical microcavities recirculate and strongly confine
light, thereby enhancing the interaction between light
and matter [1, 2]. Small mode volume cavities have been
coupled to single atoms [3, 4], Bose-Einstein condensates
[5], organic molecules [6], quantum dots [7], and nitrogen
vacancy centers [8]. Whispering gallery mode (WGM)
resonators can be used to detect and characterize label-
free molecules [9], single viruses [10], aerosol-particles
[11] and particles with radii of a few tens of nanome-
ters [12, 13] when the specimen is adsorbed onto the res-
onator. Similar results have been achieved in photonic
crystal cavities [14–16] and nanoplasmonic-photonic hy-
brid microcavities [17].
In recent years, a growing number of research groups
have utilized optical cavities to control the motion of di-
electric nanoparticles [18–20]. Cavity-mediated quantum
ground state cooling is predicted to be within reach for
both their centre of mass motion [21–23] and their ro-
tational degrees of freedom [24, 25]. Cold, free parti-
cles in high vacuum are considered excellent candidates
for matter-wave interferometry [26, 27], in a mass range
where limits to established quantum theory may be ex-
plored [28–31]. The coupling of nanoparticles to a cavity
field can be increased by exploiting the shape-enhanced
polarizability of non-spherical particles [32, 33], and by
reducing the mode volume of the cavity. Bulk optical
cavities are typically limited to beam waist radii larger
than ∼ 50µm, due to limitations on the radii of curvature
of the cavity mirrors.
Here, we present the detection of free nanoparticles in
transit through a chip-based, high finesse, open-access
silicon Fabry-Pe´rot microcavity, with a 15 pL mode vol-
ume. We detect the motion of the particles via the trans-
mitted cavity light, and extract their velocity. Such gas-
phase detection and characterization is advantageous in
many fields, such as aerosol physics, nanoparticle synthe-
sis and nanoparticulate exposure studies. In addition, we
observe strong coupling between a nanoparticle and the
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FIG. 1. Schematic of the microcavity array with nanoparti-
cle injection. The fundamental mode of a single microcavity
is strongly pumped by a laser at 1547 nm, and the transmit-
ted light is monitored with an InGaAs photodetector. Silica
nanoparticles are launched through the cavity mode via Laser
Induced Acoustic Desorption [32, 35]. The upper inset shows
a photograph of one of the mirror chips. The lower inset shows
a scan over the TEM00 cavity mode in transmission (blue),
in which two side-bands, 100 MHz separated from the carrier,
are used to calibrate the frequency scan. From a Lorentzian
fit (red) of the cavity transmission we find the cavity decay
rate κ/2pi = (17 ± 0.7) MHz and deduce a Finesse of 34,000
from the ratio of free spectral range to cavity linewidth κ/pi.
optical field, which is of utmost importance for efficient
optomechanical cooling.
The method for fabricating and characterizing the sil-
icon microcavities will be explained in detail elsewhere.
Briefly, two silicon chips, which are the mirror image of
each other, are patterned with an array of 100 mirrors
with radii of curvature ranging from 70µm to 1.4 mm.
They are separated by a 106µm thick, silicon spacer, as
illustrated in Fig. 1, which lithographically pre-aligns the
cavities. The total length of the individual cavities de-
pends in addition on the depth of the mirrors. The mirror
chips are coated with a high reflectivity, multilayer di-
electric coating (Advanced Thin Films, target transmis-
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2sion of 15 ppm). A single cavity, exhibiting sufficiently
high finesse, is pumped with 25 mW at a wavelength of
1547 nm (Toptica CTL-1550) to excite a TEM00 mode,
and the laser frequency is stabilized to the cavity reso-
nance via side-of-fringe locking using the back-reflected
beam. Here, we use an optical cavity with a length
L = (130 ± 3)µm, a free spectral range νFSR = c/2L =
(1.15±0.03) THz, a mode coupling of 30 %, mirror radius
of curvature R = (1.3 ± 0.2) mm, a mode waist (radius)
w0 = (12 ± 1)µm, a decay rate κ/2pi = (17 ± 0.7) MHz,
and a finesse of F = 34, 000 ± 1, 300. This yields a
mode volume Vm = 14.5 pL or 3, 900λ
3, and an on-
resonance intracavity intensity at the waist of approxi-
mately 2 × 107 Wcm−2. The cavity finesse is limited by
the deviation of the mirror shape from an ideal parabolic
profile, and can be improved by optimization of the fab-
rication parameters [34].
Silica nanoparticles (Bangs Laboratories) of radius r =
(150± 20) nm are launched through the cavity field at a
pressure of 10−7 mbar, using Laser Induced Acoustic Des-
orption [32, 35]. To detect the nanoparticles, the cavity
input light is detuned from resonance by ∆ = −2.3κ, and
the transmitted light is monitored on a photodiode. The
presence of a dielectric particle inside the cavity mode
effectively increases the optical path length, thus shifting
the cavity towards resonance and increasing the amount
of light transmitted through the mirrors. The particle
also scatters light out of the cavity mode, decreasing the
amount of light transmitted. A net increase of the trans-
mitted signal is a clear sign of strong, dispersive cou-
pling between the particle and the cavity field [36]. This
allows the detection of particles with a signal-to-noise ra-
tio (SNR) of more than 35, enabling detection of silica
particles as small as 50 nm in radius.
An example nanoparticle transit is shown in Fig. 2a.
As the particle traverses the optical mode in the x-
direction i.e. perpendicular to the optical axis of the cav-
ity, the transmitted signal increases with a Gaussian en-
velope (red dotted line), directly mirroring the Gaussian
waist w0 of the microcavity mode. Since w0 is known
from the cavity geometry, we can extract the velocity
in the x-direction, vx = (15.6 ± 0.1) ms−1. There is
also a fast modulation of the signal, as the nanoparti-
cle crosses the optical standing-wave in the z-direction.
Since the wavelength of the light is known, we can extract
the velocity in the z-direction, vz = (3.13 ± 0.07) ms−1.
There is a slight decrease in signal below the baseline
level in Fig. 2a, which is due to the particle scattering
light from the cavity mode. In total, the particle dis-
persively shifts the cavity resonance by more than 2κ,
confirming strong coupling between the particle and the
cavity field. The extracted velocities for 19 nanoparticles
are shown in Fig. 2b.
We now consider one specific application of such mi-
crocavities, namely their use for the optomechanical cool-
ing of dielectric nanoparticles [18–23, 37, 38]. Cooling is
believed to be necessary, for instance, to enable matter-
wave interferometry with nanoscale objects [26, 27]. In
15 45 75
(a)
(b)
FIG. 2. (a) An example of the microcavity transmission as
a 150 nm radius silica nanoparticle traverses the cavity field.
The laser which pumps the cavity is red-detuned from the
empty cavity resonance by 2.3κ. The envelope due to the
motion in the x-direction (see inset) across the cavity waist is
indicated by the red dotted line. The periodic structure is due
to the particle’s motion in the z-direction, crossing multiple
nodes of the cavity field. From this signal, the velocity in the
x- and z-directions can be extracted (vx = (15.6± 0.1) ms−1
and vz = (3.13 ± 0.07) ms−1). The signal drops below the
baseline due to light scattering out of the cavity mode. (b)
The extracted transverse velocity vz and forward velocity vx
for 19 particles.
particular, we will consider cooling of silicon nanoparti-
cles due to their favourable dielectric properties [19], their
applicability for nanofabrication [33] and their compati-
bility with optical ionization gratings [39]. Such exper-
iments are challenging at high mass, since the short de
Broglie wavelength of a massive object requires a long
interferometer. For a given resolution in the interference
pattern on the detector screen, the required flight time
through the interferometer scales linearly with the par-
ticle mass [44], limiting the mass to the 106 − 107 amu
range [27] i.e. silicon spheres of 6-12 nm radius. Such
small particles cannot be cooled in macroscopic cavities.
For optimal cooling the following criteria must be met:
A) Operating in the regime of strong coupling, i.e. the
dispersive frequency shift of the cavity resonance induced
by the particle
U0 =
2piωLr
3
Vm
ε− 1
ε+ 2
, (1)
(laser frequency ωL and relative permittivity of the par-
ticle ε) is larger than the cavity decay rate κ = cpi/2FL.
B) Working in the resolved side-band limit to ensure that
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FIG. 3. Optimizing microcavity parameters to achieve optomechanical control of low-mass silicon nanospheres. We find the
required cavity parameters to enable cooling of particles of a given mass under strong coupling and resolved sideband conditions
(see text). We consider an intra-cavity power of (a) 100 W and (b) 300 W, at fixed L/R ratios of i) 0.5, ii) 1.0 and iii) 1.5.
The insets illustrate that, even with a lower bound of R = 30µm (large points), it is still possible to reduce the coolable mass
by increasing the cavity finesse. For realistic cavity parameters and geometries, cooling of silicon spheres with masses below
1× 107 amu, corresponding to a silicon sphere of radius below 12 nm, is feasible.
the response of the cavity field amplitude is retarded rel-
ative to the motion of the particle. Therefore, the axial
mechanical trapping frequency of the particle
ωz =
√
24k2Pcav
piw20ρc
ε− 1
ε+ 2
, (2)
(wave-vector of the cavity field k, intra-cavity power Pcav
and particle density ρ) needs to be larger than κ. In order
to cool small masses, the following cavity parameters can
be optimized: finesse F , beam waist radius
w0 =
√
λ
2pi
√
L(2R− L), (3)
via L and R, and the intra-cavity power Pcav.
The parameter-space for optimal cooling is displayed in
Fig. 3. The coloring of the curves indicates the minimum
finesse, for a given ratio L/R and intra-cavity power, re-
quired to fulfill conditions A & B. This finesse, in turn,
sets the minimal mass that can be cooled for the given
set of geometrical constraints. Increasing the mass does
not allow for a reduction in finesse due to condition B.
At a given L/R, however, the minimum mass can be de-
creased by improving the finesse, as shown in the insets of
Fig. 3. We consider fixed ratios L/R of i) 0.5, ii) 1.0 [45],
and iii) 1.5, and intra-cavity powers of a) 100 W and b)
300 W. Hence, by moving to smaller cavities with higher
finesse [43] (F > 2 × 105, R ≈ 20µm, L ≈ 20 − 30µm,
Pcav > 300 W) it will be possible to cool silicon nanopar-
ticles with masses below 1 × 107 amu, corresponding to
a sphere of radius 12 nm. Assuming the same SNR as
presented here, optimized microcavities could detect par-
ticles down to 5 nm in radius.
In conclusion, we present the detection of free nanopar-
ticles in an open-access silicon microcavity. We observe
their transit via the transmitted cavity light, extract their
velocity, and observe strong coupling between the parti-
cle and intracavity field. Such a system will be useful for
optomechanics, and for characterization and detection of
nanoparticles, bio-molecules, viruses, and aerosols. With
further improvements, this microcavity system will en-
able cavity cooling of a diverse range of sub -10 nm par-
ticles, which are suitable for matter-wave interferometry
in a hitherto unexplored mass range of 106 − 107 amu.
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